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INTRODUCTION

Soot is an important unsolved problem of combustion science because it is present in
most hydrocarbon-fueled flames and current understanding of the reactive and physical
properties of soot in flame environments is limited. This lack of understanding affects progress
toward developing reliable predictions of flame radiation properties, reliable predictions of flame
pollutant emission properties and reliable methods of computational combustion, among others.
Motivated by these observations, the present investigation extended past studies of soot
formation in this laboratory (refs. 1-12), to consider soot oxidation in laminar diffusion flames

using similar methods, see ref. 13 for a detailed description of the study.
Early work showed that 02 was responsible for soot oxidation in high temperature O2-

rich environments (refs. 14-18). Subsequent work in high temperature flame environments
having small 02 concentrations (refs. 19 and 20), however, showed that soot oxidation rates
substantially exceeded estimates based on the classical 02 oxidation rates of Nagle and
Strickland-Constable (ref. 14) and suggests that radicals such as O and OH might be strong
contributors to soot oxidation for such conditions. Neoh et al. (refs. 20 and 21) subsequently
made observations in premixed flames, supported by later work (refs. 22-25), that showed that
OH was responsible for soot oxidation at these conditions with a very reasonable collision
efficiency of 0.13. Subsequent studies in diffusion flames, however, were not in agreement with
the premixed flame studies: they agreed that OH played a dominant role in soot oxidation in
flames, but found collision efficiencies that varied with flame conditions and were not in good
agreement with each other (refs. 26-30) or with Neoh et al. (refs. 20 and 21). One explanation
for these discrepancies is that optical scattering and extinction properties were used to infer soot
structure properties for the studies of refs. 26-30 that have not been very successful for
representing the optical properties of soot, see refs. 2-4 and references cited therein. Whatever
the source of the problem, however, these differences among observations of soot oxidation in
premixed and diffusion flames clearly must be resolved. Motivated by these findings, the
present study undertook measurements of soot and flame properties within the soot oxidation
region of some typical laminar diffusion flames and exploited the new measurements to identify
soot oxidation mechanisms for these conditions. Present considerations were limited to the early
stages of soot oxidation (carbon consumption less than 70%) where reactions at the surface of
primary soot particles dominate the process, rather than the later stages when particle porosity
and internal particle oxidation become important as discussed by Neoh et al. (ref. 22).

EXPERIMENTAL METHODS

Measurements were obtained along the axes of nonpremixed laminar flames involving
acetylene, ethylene, propylene and propane as the fuels burning in coflowing air at atmospheric
pressure. The burner was directed vertically upward, to yield flames having luminous flame
lengths of roughly 100 mm. The following measurements were made: soot volume fractions
using deconvoluted laser extinction, flow temperatures using deconvoluted multiline emission,
soot structure using thermophoretic sampling and TEM analysis, concentrations of major gas
species using sampling and gas chromatography, concentrations of some radical species (H, OH
and O) using the deconvoluted Li/LiOH atomic absorption technique and streamwise velocities
using laser velocimetry.
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RESULTS AND DISCUSSION

Soot and Flame Structure. All Soot particles were the same as observed during earlier

work in both laminar premixed and diffusion flames (refs. 1-12). They consisted of roughly
spherical primary particles that were nearly monodisperse at each flame condition and collected

into mass fractal aggregates having large variations of the number of primary particles per
aggregate. _

Present observations of flame structure were similar to earlier observations in laminar jet
diffusion flames (refs. 2,3,11,12); a typical example is illustrated in Fig. 1. Flow velocities, u,
increase with distance due to effects of buoyancy yielding an0nlinear variation of residence time

with distance. Effects of radiant heat loss are substantial, yielding relatively flat temperature, T,
distributions with maximum values well below adiabatic flame temperatures. Primary soot
diameters, dp, reach a maximum early in the soot formation region due to Combined effects of
soot nucleation, growth and oxidation. The original fuel disappears due to effects of
decomposition, oxidation and soot formation (the last being relatively minor). Robust fuel-like
species, however, persist throughout the soot formation region, e.g., C2H2, C2H4, CI-I4 and H2.
Concentrations of radicals, e.g., H, OH and O, increase as the flame s_e-et isalSpi:6ached. Unlike

premixed flames where radical concentrations are nearly in thermodynamic equilibrium (ref. i0),
however, radicals exhibit superequilibrium ratios generally in excess of 10 in the present
diffusion flames. _: : _ : _. v: .

Soot Surface Oxidation Rates. Measured soot surface oxidation rates were corrected

for effects of soot growth using the expression based on the Colket and Hall (ref. 31) soot surface
growth mechanism. No condition was considered, however, where the correction for soot

growth was more than half the gross soot oxidation rate. Similar toN6oh et al,:(refs. 2 i -and 22),
present soot oxidation rates (corrected for soot growth) were converted into collision efficiencies

(or reaction probabilities) based on kinetic theory estimates of the collision rates of a given gas
species with the surface of primary soot particles, see refs. 13, 21 and 22 for detailed descriptions
of computations of collision efficiencies.

Collision efficiencies for soot oxidation were found for 02, CO2, H20, O and OH, see ref.
13 for all these results; present results will be limited to collision efficiencies as a function of

height for 02, CO2 and OH as examples. The collision efficiencies of 02 illustrated in Fig, 2
include the range of values measured by Neoh et al. (refs. 21 and 22) in premixed flames, the
values found from the present experiments in diffusion flames, and values estimated from the

predictions of Nagle and Strickland-Constable (ref. 14) for the conditions where present
observations were made in diffusion flames. The Nagle and Strickland-Constable approach is
known to be effective when soot oxidation is dominated by 02 (i.e., when radical concentrations

are small) and there are significant concentrations of 02 along the pi'esent soot paths, see Fig, 1.
Thus, the fact that Nagle and Strickland-Constable estimates of the 02 collision efficiencies are
10-100 times smaller than present measurements strongly suggests that some other species is

mainly responsible for soot oxidation in the present flames. The large scatter (nearly a range of
100) of the collision efficiencies for the flames illustrated in Fig. 2 also support the conclusion
that 02 is not the main oxidizing species of soot for the present flame environments. _.... :

The collision efficiencies of CO2 for soot oxidation are plotted in Fig. 3. Results shown
on the figure include the range of values observed by Neoh et al. (ref. 21) in premixed flames,
and values from the present investigation in diffusion flames both considering _d ignoring the
contribution of 02 (estimated using the correlation of ref. 14). Clearly, allowing for direct
oxidation by 02 has little effect on the collision efficiencies estimated in Fig. 3. In addition, the
overall scatter of the CO2 collision efficiencies approaches 1000 for the range of test conditions
considered in Fig. 3. Taken together, these findings do not support CO2 as a major contributor to
soot oxidation in flames, either alone or in parallel with soot oxidation by 02. Similar
considerations yielded the same finding for the collision efficiencies of H20 and O.

Finally, the collision efficiencies of OH for soot oxidation are plotted in Fig. 4 in the
same manner as the results for CO2 in Fig. 3. Direct oxidation of soot by 02 is not very

m
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important for the present flames, as before. On the other hand, the combined results in premixed
and diffusion flames exhibit rather small levels of scatter (roughly a factor of 3). Thus, the

results in premixed and diffusion flames are in remarkably good agreement, e.g., the present
mean OH collision efficiency in diffusion flames of 0.10 (with a standard deviation of 0.07) is

not statistically different from the value of 0.13 measured by Neoh et al. (ref. 21) in premixed
flames. These findings are helpful but the final stage of oxidation in diffusion flames (for carbon
consumption larger than 70%), where primary particle porosity and internal particle oxidation
become factors, must still be resolved. _
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Fig. l. Measured soot and flame properties

along the axis of an acetylene/air laminar jet

diffusion flame at atmospheric pressure.
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Fig. 2. Collision efficiencies assuming soot
burnout due to attack by 02. Found from refs.
13, 14 and 21.
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Fig. 3. Collision efficiencies assuming soot
burnout due to attack by CO2. Found from
refs. 13 and 21.
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Fig. 4. Collision efficiencies assuming soot
burnout due to attack by OH. Found from
refs. 13 and 21.
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